ABSTRACT: The Upper Cretaceous Tres Pasos Formation, exposed on the Sierra Contreras, southern Chile, provides an exceptional opportunity to document well-exposed depositional relationships between fine-grained mass-transport deposits (MTDs) and overlying turbiditic sandstone deposits in an ancient deep-water slope system. The lateral continuity of the reservoirscale sandstone-rich facies at this outcrop is controlled principally by surface topography intrinsic to the MTDs, where overlying, conformable sandstone beds pinch out and lap onto the relative topographic highs of the MTD upper surfaces. Turbidite architecture evolves to more laterally continuous, sheet-like deposits as a result of depositional smoothing of MTD topographic relief and diminished confinement. An MTD surface-topography model containing a hierarchy of three fundamental tiers of MTD upper surface topography is identified at the Sierra Contreras and is defined by the maximum values of the horizontal (x) and the vertical (y) dimensions of the topography relative to local elevation. Each tier of the hierarchy is distinguished from the next by approximately one order of magnitude difference in both of the two dimensions. Tier 1 MTD surface topography is up to several meters in magnitude in the x and y dimensions and creates local pockets of ponded sandstone. Tier 2 MTD surface topography is 10 meters to several tens of meters in the x dimension and several meters to several tens of meters in the y dimension. This scale of topography can laterally compartmentalize discrete packages of sandstone. The largest scale of MTD surface topography, Tier 3, is several hundred meters in both the x and y dimensions and can laterally divide (in at least two dimensions) kilometer-scale sediment-gravity-flow conduits, significantly compartmentalizing sandstone deposits. The cyclic packaging of sandstone and MTDs observed at the outcrop suggest the depositional slope profile was adjusting between graded (constructional) and out-ofgrade (degradational) conditions in this overall prograding slope system.
INTRODUCTION
Mass movement is defined as the movement of sediment driven directly by gravity rather than by interstitial fluid motion (Middleton and Hampton 1976) , and has been argued to be the principal transport process operating on continental slopes (Nardin et al. 1979) . The deposits of submarine mass movement (mass-transport deposits or MTDs) are defined by Nardin et al. (1979) to include debris-flow deposits, which are matrix supported and show little preferred fabric, and slides, which are movements of essentially rigid, internally undeformed masses along discrete shear surfaces. MTDs and their associated failure scarps play a primary role in controlling the general distribution and facies architecture of overlying turbiditic sandstone deposits, but the bed-scale relationships between the fine-and coarsegrained deposits is not well documented. Deposition of turbiditic sandstone can be affected by MTDs in the following ways: (1) failure might create accommodation by sediment evacuation (Hackbarth and Shew 1994; Shultz et. al. 2005) , creating conduits favorable for focusing turbidity-current flow and deposition; (2) obstacles might be created by the MTDs, which redirect turbidity currents (e.g., Kastens and Shor 1985; Pickering and Corregidor 2005) ; (3) local topography favorable for sediment ponding might be created by irregular upper surfaces of MTDs (e.g., Shor and Piper 1989; Pickering and Corregidor 2000; Shultz et al. 2005) .
Irregular upper surfaces of seafloor MTDs have been documented in a number of datasets, including high-resolution seismic-reflection data (e.g., Hampton et al. 1996; Piper et al. 1997 ) and petroleum-industry subsurface seismic-reflection data (Moscardelli et al. 2006; Garziglia et al. 2008) . Stratified blocks contained within MTDs, but protruding above the surface, have been documented using seismic-reflection data. These blocks contribute to the irregular nature of the top surfaces (e.g., Shor and Piper 1989; Bøe et al. 2000; de Ruig and Hubbard 2006; Hubbard et al. 2008a ). These irregular surfaces can have local vertical relief (height) of up to 100 m (McGilvery et al. 2004) . In some cases where blocks have slid on the seafloor, whilst entrained within an MTD, they display surface areas of up to 25 km 2 (Lastras et al. 2002) . However, the minimum resolvable resolution of petroleum-industry seismic-reflection data (e.g., approximately 30 m maximum vertical) can make it difficult to determine whether the irregular top surface of an MTD is a depositional feature, a result of postdepositional erosion, or a combination of both.
The nature of the bed-scale relationship between fine-and coarsegrained facies with respect to this depositional topography is generally poorly understood, largely owing to: (1) the scarcity of well-exposed finegrained outcrop sections; (2) the relatively low resolution of explorationdepth 3D seismic-reflection data; and (3) the paucity of core/well control associated with high-resolution seismic-reflection data. Understanding the geometries of MTD failure scarps, the associated deposits, and the distribution of sandy elements, both spatially and temporally, is crucial to understanding the depositional evolution of a deep-water slope environment and is critical towards developing a predictive tool for petroleum reservoir evaluation in such depositionally complex settings.
The Sierra Contreras in the Ultima Esperanza District of southern Chile offers a rare opportunity to better understand the spatial and temporal distribution and the architectural evolution of sandstone in an ancient MTD-dominated, topographically complex deep-water slope environment due to the extent and quality of outcrop exposure. Multiple scales of MTD surface topography, and the effect on turbidite architecture, are recognized in at least two dimensions (from bed scale to reservoir scale) and placed into a hierarchical classification scheme. This scheme ties the bed-scale geometries to explicit lithologic control over several kilometers of outcrop, surpassing the resolution acquired with industry-standard seismic-reflection data and allow for the development of models to explain facies distribution in similar depositional environments.
GEOLOGIC AND STRATIGRAPHIC SETTING
The Cretaceous Magallanes foreland basin is located in the Ultima Esperanza District of southern Chile near the Parque Nacional Torres del Paine (Fig. 1A) . Developed as a successor basin built upon the Jurassic Rocas Verdes rift basin, deep-water sedimentation in the Magallanes basin began in the Early Cretaceous related to loading by obducted oceanic crust, which caused flexural subsidence in the retroarc position (Dalziel 1986; Dalziel and Brown 1989; Wilson 1991; Fildani and Hessler 2005) . Deep-water sedimentation persisted throughout the Cretaceous, as recorded by the Punta Barrosa and Cerro Toro formations and capped by the slope deposits of the Tres Pasos Formation (Fig. 2; Katz 1963; Scott 1966; Natland et al. 1974; Biddle et al. 1986; Wilson 1991) . The overlying uppermost Cretaceous shallow marine and deltaic deposits of the Dorotea Formation record the final filling of the basin (Macellari et al. 1989) . Paleocurrent data from these formations indicate a north-to-south transport direction, parallel to the trend of the fold-thrust belt and consistent with a longitudinal basin axis (Fildani and Hessler 2005; Shultz et al. 2005; Hubbard et al. 2008b) . Eastward migration of the fold-thrust belt continued into the Tertiary, uplifting the deep-water strata into their present position (Wilson 1991) .
The Tres Pasos Formation (1000-1500 m thick) is exposed for more than 100 km in a roughly north-south-trending monocline. The lithostratigraphic base of the Tres Pasos is defined as the first significant sandstone section overlying the shaly upper Cerro Toro Formation (Katz 1963) . This study focuses on approximately 500 m of slope deposits of the uppermost Cerro Toro Formation and the lower Tres Pasos Formation, which are superbly exposed at the Sierra Contreras. This outcrop is located in the northern (proximal) Magallanes Basin and records the stratigraphic evolution of an increasingly sand-rich deep-water slope environment (Shultz et al. 2005) .
This study builds upon the regional stratigraphic study of Shultz et al. (2005) , which recognized two sandstone units on the west face of the outcrop and was limited to only two measured sections. This study incorporates six new measured sections, adding greater detail and lateral control across both the west and the south faces of the Sierra Contreras (Fig. 1B) . This adds an additional dimension to both the stratigraphic interpretation and the model developed at this outcrop.
The west face trends NW-SE and is approximately 2 km in length, displaying a view slightly oblique to depositional dip (paleoflow is approximately to the south; cf. Shultz et al. 2005) . The south face trends E-W and is also approximately 2 km long, displaying the most extensive and well-exposed depositional strike view in the Tres Pasos Formation, not previously described. Four sandstone units (10-80 m thick) are defined on the west face (Fig. 3A) , Units A-D (oldest to youngest, see Fig. 3B for location of D). Units B and C are the lower and upper sandstone units, respectively, of Shultz et al. (2005) . The sandstone units are separated by finegrained units (96-160 m thick), numbered 1-4 (oldest to youngest), which are dominated by MTDs. Two principal sandstone units are defined on the south face (B9 and C, oldest to youngest, Fig. 3B ). Unit B9 is stratigraphically coeval with Unit B; however, MTDs of Units 2 and 3 laterally separate them. Unit C can be traced from the west face to the south face.
METHODS
Approximately 1400 m of detailed measured section (10 cm resolution), photographic documentation, and bed correlations form the foundation of the dataset. Sections are tied by physically walking out beds and/or photomosaic correlation.
Lithofacies at the Sierra Contreras, described below after Shultz et al. (2005) , are defined as groups of genetically related sedimentation units (e.g., beds deposited during an individual sediment-gravity-flow event), which in turn are defined by sedimentary structures (the finest scale of observation). The lithofacies defined here are comparable in scale to the third-order architectural elements of Ghosh and Lowe (1993) and Lowe and Ghosh (2004) .
The top surfaces of MTDs are delineated using a hierarchical classification scheme determined by the x and y (i.e., horizontal and vertical, respectively) dimensions of top surface topographic features and the apparent influence on overlying turbidite architectures. Topography is defined as the relative elevations of features on the MTD surface. Each tier in the hierarchy presented here is distinguished from the next by an order of magnitude in the x and y dimensions.
LITHOFACIES
The stratigraphic section exposed at the Sierra Contreras can be subdivided into three lithofacies: (1) medium-to thick-bedded sandstone (individual beds from 10 cm to 3 m); (2) silty shale and thin-bedded sandstone (individual beds from mm to 10 cm); and (3) chaotic deposits.
Lithofacies 1 (L-1): Medium-to Thick-Bedded Sandstone
Description.-Lithofacies 1 is dominated by medium-and thickbedded sandstone with thin shale partings ( Fig. 4A ) and is commonly found to concordantly overlie deposits of Lithofacies 3. Sedimentation units (beds that represent an individual gravity-flow event) are typically 10 cm to several meters thick, are normally graded, and consist of medium-grained sandstone. Individual sedimentation units are commonly characterized by massive bases, which grade normally into planar laminae and are capped by millimeter-to centimeter-scale silty shale. Evidence of minor scour (e.g., flute casts) is common on the soles of sandstone beds. These sedimentation units are generally tabular and can be traced laterally for at least several hundred meters; however, minor scour-filled lenticularity (several meters change in thickness over several hundred meters) is observed near the bases of the sandstone units.
Interpretation.-The thick, medium-grained sedimentation units (. 30 cm) in L-1 are interpreted as the deposits of high-density turbidity currents deposited under waning flow conditions; thinner beds represent the deposits of either low-density or high-density turbidity currents (Bouma 1962; Lowe 1982) . The normally graded and planar-laminated divisions of sedimentation units are interpreted as the T a -T b Bouma divisions, respectively. The silty shale beds observed in this lithofacies were deposited from suspension and dilute muddy turbidity currents (''background'' deposition). The increased lenticularity of beds at the bases of the sandstone units might suggest increased confinement during deposition. The tabular geometries are indicative of deposition in a relatively unconfined setting.
Lithofacies 2 (L-2): Silty Shale and Thin-Bedded Sandstone
Description.-This lithofacies consists of thinly laminated silty shale interbedded with thin-bedded sandstone beds (Fig. 4B ). Sedimentation units are typically several millimeters to 10 cm in thickness and composed of very fine-to medium-grained sandstone. Beds of medium-grained sandstone are generally massive and normally graded. Beds composed of very fine-to fine-grained sandstone are interbedded with shale and commonly show traction structures, and are tabular for at least hundreds of meters. Organic detritus (e.g., wood and plant fragments) is abundant in the finer-grained beds. Interpretation.-L-2 is interpreted as the deposits of sandy low-density turbidity currents (Bouma 1962) , interbedded with silty shale that accumulated from suspension fall out and more dilute turbidity currents.
Lithofacies 3 (L-3): Chaotic Deposits
Lithofacies 3 stratigraphically separates the sandstone units and is responsible for most of the measured stratigraphy at the Sierra Contreras (approximately 70%). The excellent exposure at this outcrop provides an opportunity to further delineate this lithofacies, which aids the analysis of MTD surface topography.
Description.-L-3 is observed between the thick-bedded sandstone of L-1, and is characterized by a poorly sorted silty shale matrix containing deformed sandstone clasts up to several tens of meters in diameter (Fig. 4C ). Large (at least 100 m 2 in cross section) sandstone blocks are commonly oriented subparallel to oblique relative to bedding in both the overlying and underlying sandstone units. The blocks are mediumgrained sandstone (similar to L-1) and display varying degrees of softsediment deformation at their margins. Contacts between L-3 and the underlying sandstone are sharp and relatively planar with only local minor erosion. Conformable contacts between the contorted silty shale of L-3 and overlying sandstone are relatively sharp and irregular, with local topographic relief reaching several meters in the horizontal and vertical dimensions. The margins of this relief do not show evidence of erosion by the overlying sandstone, i.e., there is no truncation of the silty shale beds within the L-3 lithofacies. Where large blocks are observed at the top of L-3 the topographic relief can be up to one order of magnitude larger in the horizontal and vertical dimensions.
Interpretation.-The chaotic deposits of L-3 are interpreted to represent matrix-supported debris-flow deposits. The cohesive freezing of these deposits Hampton 1973, 1976 ) is thought to be responsible for the minor irregularities of the top surfaces. The structures are frozen examples of those formed during actual flow (Embley 1980) . The minor erosion into the underlying sandstone implies conformable debris-flow deposition relatively soon after sandstone deposition (prior to lithification). Where clasts are mappable (at least 100 m 2 in cross section) they are termed ''rafts'' or rafted blocks (although not strictly occurring at the tops of MTDs, Fig. 4D ). The random orientation of these blocks, relative to bedding, suggests that they were supported and rotated by the flow during movement and not solely translated as slide blocks. Rafted blocks are responsible for significant topographic relief (up to several tens of meters in the horizontal and vertical dimensions) on the top surfaces of the chaotic deposits.
STRATIGRAPHIC EVOLUTION OF THE SANDSTONE UNITS
Unit A Unit A, on the west face of the Sierra Contreras, is the lowest mappable sandstone unit, which marks the onset of relatively significant sandy deposition in this deep-water slope environment (Fig. 5 ). This unit is 10 m thick and has a relatively sharp contact with the underlying MTDs of Unit 1. Unit A is present only in the northern half of the west face (over approximately 500 m); the coeval stratigraphy on the west face depositionally updip and downdip of Unit A is dominated by MTDs, although the relationship is poorly exposed. There is minimal evidence of erosion into underlying Unit 1. This sand-rich unit is dominated by L-1, with individual beds internally pinching out over approximately 100 m.
Unit B
The fine-grained deposits of Unit 2, underlying Unit B, are approximately 96 m thick where measured, although this thickness is variable (Fig. 6A) , and are dominated by L-3. Rafted blocks are more abundant near the top of this unit, creating topographic relief on the MTD top surface. The thickness of overlying Unit B varies from 27 m at the northern end of the Sierra Contreras to 21 m 2 km to the south, reaching a maximum thickness of 34 m in between (Fig. 6A) . Unit B displays a thick (approximately 1.5 m) basal succession rich in mudstone clasts that decrease in concentration vertically. The mud clasts are silty and several centimeters in size, with long axes oriented parallel to bedding. Wedging beds are present in the basal sections of this unit, pinching out onto the underlying rugose surface of Unit 2. Unit B is primarily composed of L-1 with approximately 5 m of L-2 dominating the middle of the unit on the west face (Fig. 6A ). This section of L-2 can be traced laterally over 1 km on the west face. (Fig. 3A) with bed correlations and paleoflow measurements. Depositional dip on the cross section is approximately to the south (right). B) Cross section correlating the west and south faces at the Sierra Contreras. The west-face cross section has had the top trimmed to accommodate the south face (Fig. 3B) section. See Figure 6A for the entire west-face cross section. Units are correlated between the two faces.
Unit B9
Unit B9 is the lowest and thickest sandstone unit observed on the south face and is approximately 117 m thick (Fig. 6B) . The middle of Unit B9 is approximately stratigraphically coeval with Unit B on the west face, yet the two units pinch out toward each other into MTDs (Figs. 5, 6B ). L-1 is the dominant lithofacies in Unit B9, which is commonly separated by packages (approximately 10 m thick) of L-2 and L-3. L-3 composes packages about 10 m thick; therefore, they are incorporated into the overall thickness of Unit B9. The position of the section on the west face that is coeval with the basal and topmost parts of Unit B9 is dominated by MTDs (Units 2 and 3, respectively) .
Unit C
The fine-grained unit underlying Unit C is Unit 3, which is 128 m thick in the northern part of the west face and gradually thickens to a maximum of 161 m over a distance of 2 km to the south. L-3 dominates this unit; however, there is approximately 10 m of L-2 at the base of the unit and an approximately 40-m-thick section of L-2 approximately 45 m above the base (Fig. 6A) . Imbricated rafted blocks within L-3 crop out near the top of Unit 3 (Fig. 6A ). These are several hundred square meters in cross section and are observed approximately 400 m down depositional dip from a slump scar documented by Shultz et al. (2005, their fig. 12 ). Whilst it is likely that, in general, the failure bowl itself creates the largest order of accommodation (cf. Hackbarth and Shew 1994) , these blocks create topography at the top of Unit 3 approximately 10 m in the vertical and 50 m in the horizontal dimensions. Approximately 100 m to the north of these blocks, the basal beds of Unit C lap onto a similar scale of topography. The top approximately 60 m of Unit 3 can be traced onto the south face across the top of Unit B9.
Unit C overlies Unit 3 and can be traced across both faces. The erosional top surface of the mountain is on the west face within Unit C, and this unit thickens from 30 m in the north to 87 m where measured in the south (Fig. 6A ). Unit C is composed of L-1 with a 6-m-thick section of L-2 10 meters above the base of the unit. This section can be traced across the west face and forms an effective datum for section correlation (Fig. 6A, B) .
Approximately 10 m of medium-bedded sandstone beds (L-1) lap onto the underlying topography of Unit 3 associated with imbricated rafted blocks (Fig. 7) . The margin between the MTDs and the sandstone dips southeast 13u relative to bedding. Paleoflow is measured between 160u and 180u. The outcrop face trends northwest-southeast, displaying a view oblique to depositional dip. Wedging is locally present in the basal several meters of Unit C, where it is affected by underlying topography (several meters in the x and y dimensions). Turbidite beds, dipping down depositional dip between 3u and 10u, shingle away from the small-scale topography created by the imbricated rafted blocks. The shingled section is approximately 8 m thick with evidence of scour at the top surface. Scour locally incises up to several meters, filled with lenticular beds several tens of centimeters thick in places. The 6-m-thick section of L-2 that can be traced across the outcrop occurs above the shingled bed (Fig. 7) . The approximately 15-m-thick section of L-1 sandstone above the fine-grained deposits is tabular and laterally extensive.
Unit D
Unit D overlies the approximately 136-m-thick section of Unit 4. Unit 4 is dominated by L-3 with dispersed rafted blocks throughout. One particular block is coarse grained, several 100 m 2 in cross section and contains a 15-cm-thick bed rich in disarticulated and fragmented shelly material.
The overlying Unit D is approximately 10 m thick and composed of L-1 (Fig. 6A) . The unit can be traced for approximately 300 meters before pinching out. This unit is bounded laterally by the underlying MTDs of Unit 4. Minor loading is present at the base of Unit D in addition to downward sandstone injection into the underlying fine-grained deposits. No shale drape or coarse lag deposits are observed between the underlying MTD and the basal sandstone. This unit forms the top surface of the mountain at the corner between the west and south faces (Fig. 5) .
DISCUSSION

Surface Hierarchy of Mass-Transport Deposits
The MTDs (i.e., L-3) at the Sierra Contreras display very irregular top surfaces, which are highlighted by the overlying, onlapping sandstone units. MTD surface topography arises from local shaly mounds and rafted sandstone blocks of various sizes (Figs. 8A-D, 9 ). The paucity of truncated shale on the top surfaces indicates that erosion by subsequent turbidity currents was minimal, although is not entirely discounted.
The first tier of the hierarchy of surfaces relates to topographic features several meters in horizontal and vertical dimensions. Such features are interpreted to be inherent to the viscous nature of cohesive debris flows and form randomly as a result of cohesive freezing (Embley 1980) . Overlying sand deposits commonly modified these features by inducing loading. The basal beds (up to several meters) of the overlying sandstone unit pinch sharply toward these features until the topographic depression is filled by sand (Fig. 8A ). Sandstone units confined by this small-scale topography are typically wedge-shaped L-1 and laterally discontinuous. Sandstone beds above these deposits are more laterally continuous and confined by the next tier of topographic feature.
The next scale of topographic feature (Tier 2) is one order of magnitude larger (i.e., tens of meters) in the two dimensions observed. This scale of topography on MTD top surfaces is a result of rafted sandstone blocks near or at the top of the chaotic deposits of L-3 (Fig. 8B, C, D) . The size of the topography is determined by the size of the rafted block and the degree to which it protrudes above the top surface at the time of deposition. Basal beds of overlying sandstone units pinch toward and lap onto the topographic high formed by the block(s). Similarly to the Tier 1 scale of topography, when the onlapping beds reach the highest point created by the topography the beds become more laterally continuous (sheet-like) as they evolve into relative unconfinement. Such beds are laterally continuous until confined by the next tier of MTD surface topography. The magnitude and abundance of rafted blocks determine the continuity in the basal sections of the sandstone units. Variations in the strength of the debris-flow matrix at the time of deposition might also be an important factor influencing the distribution of large rafted blocks (Kastens and Shor 1985) . Although the third dimension of the blocks is not evident at the outcrop, it is assumed to be similar, certainly within an order of magnitude, to the horizontal scale measured (the x axis). This is consistent with rafted blocks resolved in three dimensions (e.g., Shor and Piper 1989; Posamentier and Walker 2006) .
The largest scale of MTD surface topography (Tier 3) is one order of magnitude larger than Tier 2 (i.e., hundreds of meters or more) in at least the two dimensions observed, and is interpreted to be the result of an individual MTD (or outsized rafted block) or large-scale hummocky topography on the MTD top surface. From seafloor examples this irregular topography has been documented to reach up to 100 m (McGilvery et al. 2004) . Such large-scale features might define bounding margins of sites of slope accommodation, as is the case for Unit B9 (at least in two dimensions) on the south face bounded to the west by Unit 2 (Figs. 3B, 5, 6B ). The bounding unit to the east of Unit B9 is not well exposed, yet Unit B9 appears to pinch out over several hundred meters into shale. Unit 2, where it confines Unit B9 to the west has some three dimensionality as it forms a ridge coming out of the mountain several hundred meters. This supports the interpretation of a 3D topographic feature on the seafloor.
The Influence of MTD Surface Topography on Sand Deposition and Stratigraphic Architecture
Unit A.-The deposits of Unit A represent the fill of a pre-existing sediment dispersal pathway on the MTD top surface, potentially defined by Tier 2 MTD surface topography in the underlying Unit 1, although the margins are poorly exposed. The absence of sandstone loading and the presence of a sharp contact between the fine-grained and coarse-grained deposits suggest some erosion and incision by turbidity currents flowing over the MTD surface; however, truncation of MTD shale is not observed. The wedging observed within this unit is a result of the increased degree of confinement due to the rugose MTD top surface.
Unit B.-The lowest 10 m of Unit B (at the thickest measured point) fills in the accommodation created by several examples of Tier 2 MTD surface topography (Fig. 7B, C, D) . This Tier 2 MTD surface topography is healed and beds evolve vertically to more tabular, sheet-like deposits (as documented by Shultz et al. 2005) . The variable thickness (21-27 m) of Unit B along the west face (over approximately 2 km) is interpreted to be a result of the undulating surface and the variable thickness of the underlying Unit 2 MTDs. The locally amalgamated package of sandstone in the middle of Unit B on the west face (Fig. 6A , northern part of Unit B) is inferred to represent deposition away from the margins that define the overall accommodation.
Unit B9.-Tier 3 MTD surface topography laterally separates Unit B and Unit B9. The increased thickness of Unit B9 relative to Unit B implies that larger accommodation existed in the area occupied by Unit B9, likely as a result of the variable relief created by the flanks of the local MTD. The presence of this seafloor topography might have deflected and captured an increased number of flows, resulting in the thicker preserved section. The presence of the increased number of thin (approximately 10 m) MTDs within Unit B9 (Fig. 6B ) might represent local slumping off of the steep flanks of the bounding MTD or a relatively unstable source area up depositional dip.
Unit C.-The distinct Tier 2 topography at the top of Unit 3 is interpreted to be a result of syn depositional imbricate thrusting along a planar surface and is responsible for locally confining the basal approximately 10 m of overlying Unit C and creating the complex internal architecture (Fig. 7) . This Tier 2 topography created an area of local flow perturbation on the seafloor as turbidity currents were deflected around it. Flow constriction might have occurred if there was similar topography orthogonal to the margin observed. The flow deflection created the oblique-lateral accretion of bar forms shingling away from the margin (Fig. 7) . The scour observed at the top of the shingling section is likely to be a product of localized erosion by subsequent sediment gravity flows. The 6 m section of L-2 (Figs. 6A, B, 7 ) that can be traced across the outcrop indicates that the highest point of the underlying topography had been smoothed out. The lateral continuity of subsequent sandstone beds indicates deposition in an unconfined setting.
Unit D.-The fine-grained unit (Unit 4) underlying Unit D (Fig. 6A) is likely to be an amalgamation of MTDs within the largest order of accommodation; however, potential bounding surfaces, or sections of L-2, are not exposed. The subsequent sandy unit (Unit D) is interpreted as the fill of a narrow conduit on the MTD top surface, potentially bounded by Tier 2 topography (between the west and the south face). The absence of a basal lag deposit or shale drape, and the presence of sandstone loading and injection, indicate conformable deposition.
Slope Evolution and Mass-Transport-Deposit Stacking Patterns
The degree of disaggregation of mass movements generally increases with transport distance if slumps or slides evolve into debris flows down slope (e.g., Mulder and Cochonat 1996; Zhu et al. in press) . The crosssectional size and abundance of rafted sandstone blocks (Fig. 4D) within MTDs at the Sierra Contreras generally increase up section (e.g., Fig. 6A ), suggesting that the upper part of the studied interval represents a more proximal position on a generalized slope profile. This progradational signature is consistent with both basin-scale filling patterns of the Tres Pasos and overlying Dorotea formations (Macellari et al. 1989) , as well as outcrop-scale stacking patterns documented in the Tres Pasos Formation 20 km to the north (Romans et al. 2008 ). However, large coherent blocks can be transported long distances (tens of kilometers), both within the flow and as out-runner blocks, and be deposited beyond the base of slope (e.g., Naylor 1982; Hampton et al. 1996; Tripsanas et al. 2008) , which, in this case, might suggest a more aggradational stacking pattern. The exceptional lateral exposure at the Sierra Contreras, however, provides additional information supporting the interpretation of basinward stepping in the slope system. The relationship of a failure scar and its associated MTDs approximately 400 m down depositional dip in the upper part of Unit 3 on the west face, first documented by Shultz et al. (2005, their fig. 12 ), indicates that these blocks were not transported long distances. Furthermore, the presence of the failure scar itself suggests that this was an area of the slope prone to failure. Mass failure and sediment evacuation on an unstable continental slope probably defines the largest order of accommodation at the Sierra Contreras. Depositional slopes, by definition, record greater accumulation than degradation over time. In the context of continental-margin evolution, Hedberg (1970) and Ross et al. (1994) discussed the distinction between (1) progradational, or graded, margins that advance basinward in equilibrium with external forcings and (2) erosional, or out-of-grade, slopes that become oversteepened, resulting in mass wasting and bypass of sediment to lower-gradient areas. At large stratigraphic scales (hundreds to thousands of meters thick), out-of-grade margins commonly evolve into graded margins as accommodation in lower to base-of-slope areas is filled (Ross et al. 1994) . At smaller scales (tens to hundreds of meters thick), the role of degradation vs. accumulation with respect to slope construction is far more complex and thus not as well understood. The scale of stacking of MTD and turbiditic sandstone lithofacies at the Sierra Contreras (Fig. 3A, B) suggests an alternation of graded vs. out-ofgrade conditions at a higher temporal order. In this case, the masswasting events are critical phases in the evolution and associated accretion of the slope.
Several other prograding slope systems documented from outcrop data exhibit patterns that suggest a dominance of graded conditions (i.e., a paucity of large-scale and numerous intervals of MTDs) (e.g., Eocene strata of Spitsbergen, Steel et al. 2000; Cretaceous Lewis Shale, Pyles and Slatt 2007) . Conceptually, a graded slope system builds basinward because the slope profile is maintained at equilibrium (or near equilibrium) during depositional phases. The result is a relatively systematic stacking of facies reflecting their position on the slope (e.g., Plink-Bjö rklund et al. 2001) . In contrast, the significant phases recording out-of-grade conditions evident in the Tres Pasos Formation strata suggest a more topographically complex slope profile typical of largerscale prograding margins (e.g., Moscardelli and Wood 2008) .
Comparisons to Stratigraphic Architecture on MTD-Dominated Slopes and Implications for Hydrocarbon Exploration
The creation of a hierarchical classification allows the efficient delineation of the top surfaces of relatively chaotic and internally complex deposits. Such a hierarchy is not restricted to outcrop but can be applied to both modern-day examples on the seafloor and buried examples in the subsurface (Fig. 10) . A seafloor example of a blocky debris-flow deposit with high surface roughness has been identified on the Canadian Scotian Slope in about 1500 m water depth on a 2u slope (Shor and Piper 1989) . The scale of the topography observed on the top surface of this debris-flow deposit varies between 50 and 200 m in the horizontal and between 5 and 20 m in the vertical, fitting into Tier 2 of the MTD surface-topography hierarchy defined here. The depressions in this debris-flow deposit are filled with subsequent coarse-grained turbiditic sediments, recovered in piston cores (Shor and Piper 1989) , similar to the depositional model outlined at the Sierra Contreras, where ponded sand is observed lapping onto topographic highs. The blocks observed in the debris-flow deposit on the Scotian Slope are sourced from the upper slope, with seismic loading as the most likely trigger (cf. 1929 earthquakeinduced Grand Banks turbidity current; Doxsee 1948; Piper et al. 1999) , factors that might be applicable to the Sierra Contreras with respect to both the source of rafted blocks and possible failure triggering mechanisms. The lower tier (Tier 1) of this hierarchy is most applicable to the interpretation of shallow seismic geomorphology and side-scan sonar and sparker data. Whilst the scale of Tier 3 makes it more suitable for application to petroleum exploration (i.e., industry-standard seismicreflection datasets) both Tiers 2 and 3 are collectively important for developing (including modeling) reservoirs (Zhu et al. in press) .
The relationship between fine-grained chaotic deposits and overlying coarser-grained sandstone deposits are the focus of numerous relatively deep-penetration seismic-reflection-based exploration studies (e.g., in Gulf of Mexico salt-withdrawal minibasins by Prather et al. 1998; Badalini et al. 2000; and Beaubouef and Friedmann 2000; and offshore Trinidad and Tobago by Brami et al. 2000) . These studies predominantly focused on external controls (e.g., changes in relative sea level) on the cyclicity of sequences of MTDs overlain by coarser-grained turbidites, and offered brief explanations of controls on turbidite distributions as a result of irregular MTD surface topography. For example, Badalini et al. (2000) presented isochron maps that illustrate topographic compensational filling of a coarse-grained submarine fan overlying an MTD in Basin IV of the Brazos-Trinity system in the Gulf of Mexico. The scales of MTD surface topography correspond with Tiers 2 and 3 of this study. Understanding the scale and distribution of rafted blocks had a large impact on the interpretation of a prospective play. For example, Heritier et al. (1979) initially interpreted the seismically mounded lower Eocene Frigg field (Frigg Formation) to represent the deposits of a submarine fan composed of channels and associated levees. However, Brewster (1991) revised this interpretation to include discontinuous debris-flow deposits. Clearly a more detailed understanding of MTD facies and distribution (within the limits of resolution) could help eliminate such discrepancies and lead to better-informed reservoir models.
Where stratigraphic sequences display similar rugose MTD surface topography overlain by coarser-grained deposits, the hierarchy presented in this study (Fig. 9 ) can be applied in order to better explain turbidite distribution over a range of scales, and in particular at finer scales than are presented in many previous studies. TABLE. 1.-Three tiers of mass-transport-deposit surface topography are defined at the Sierra Contreras. The cause of the topography and the effect on overlying turbidite architecture are outlined. See Figure 9 for the conceptual diagram of the model. Creates pods of sandstone on the surface of the MTD, which may enhance foundering. Individual sedimentation units may fill this scale of topography. Sandstone is locally ponded. Tier 2: 10 m to several tens of meters.
Meters to several tens of meters.
Rafted sandstone blocks. Basal sections of the sandstone unit lap onto the MTD surface topography. Laterally partitions significant quantities of sandstone (compartmentalizes unit). Tier 3: 100 m to several hundreds of meters. 100 m to several hundreds of meters.
Individual MTD (or outsized block). Partitions entire sandstone conduits. Defines units at the outcrop scale. Entire units pinch out against MTD surface topography.
CONCLUSION
The Sierra Contreras displays a number of well-exposed MTDs, which are conformably overlain by sandstone units. A combination of cohesive freezing, due to the relatively high viscosity of MTDs, and the size and abundance of the clast (raft) component can lead to a variable top surface on the MTDs during deposition. Where sandy facies are deposited soon after MTD emplacement, this variable MTD surface topography influences the lateral distribution of sandstone beds and might lead to localized compartmentalization of those beds. If the MTD surface topography is substantial enough in both the vertical and horizontal dimensions relative to the surrounding surface, it might serve to confine entire sandstone fairways, leading to a much larger scale of compartmentalization. The sandy facies evolves vertically from a more complicated internal architecture (e.g., wedging or lenticular) nearer the base, as a result of variable confinement, to more sheet-like and laterally extensive beds as the topography is healed and confinement diminishes. The MTD surface topography hierarchy developed from this outcrop, based on the scale and influence of the topography, leads to a better understanding of sandstone distribution and its stratigraphic evolution in depositionally complex environments and will allow for the development of better informed petroleum reservoir models. Furthermore, this dataset adds to our knowledge of the progradation and organization of deepwater slope profiles. The flexibility of the generalized model allows application to a range of datasets at variable scales in depositionally similar yet geographically separated environments.
